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Full details and a step-by-step guide suitable for printing proteins aligned to micron-sized sensors and
subsequent integration and alignment of microﬂuidic structures are presented. The precise alignment
and grafting of micron-sized biomolecule patterns with an underlying substrate at predeﬁned locations
is achieved using a novel semi-automated microcontact printer. Through integration of optical alignment
methods in the x, y, and z directions, uniform contact of micron-sized stamps is achieved. Feature com-
pression of the stamp is avoided by ﬁne control of the stamp during contact. This printing method has
been developed in combination with robust, compatible bioconjugate chemistry for patterning of a dex-
tran-functionalized silicon oxide substrate with a NeutrAvidin-‘‘inked’’ stamp and subsequent incubation
with a biotin-functionalized protein. The bioconjugate chemistry is such that uniform coverage of the
protein (without denaturation) over the printed motif is obtained and reproduction of the initial mask
shape and dimensions is achieved. Later integration with a microﬂuidic structure aligned with the
printed motif on the substrate is also described.
 2012 Elsevier Inc. Open access under CC BY license.1 Abbreviations used: lCP, microcontact printing; PDMS, polydimethylsiloxane;
FITC, ﬂuorescein isothiocyanate; GOPS, glycidyl-3-oxypropyltrimethoxysilane; BSA,Miniaturization of biochemical assays is required for both clini-
cal diagnostic and bioanalytical applications. Lab-on-a-chip formats
are advantageous with respect to reduced sample consumption [1]
and processing time [2] as well as sometimes providing improved
sensitivity [3]. These devices often consist of microﬂuidic channels
for the delivery of analytes to sensors that are usually present in
one face of a rectangular microﬂuidic channel. The bioafﬁnity sen-
sors are a class of sensor where bioanalytes are detected as a result
of a speciﬁcmolecular binding event on a functionalized sensor sur-
face. Although there has been signiﬁcant effort invested in the cre-
ation of (i) highly sensitive sensors appropriate for bioanalyte
detection and quantiﬁcation and (ii) micron-scale biomolecule pat-
terning methodologies [4–9], approaches to provide both precise
alignment and good uniformity of the biomolecule patterns on the
underlying microfabricated sensors (and the subsequent integra-
tion with microﬂuidic structures) have been lacking until now.
Alignment of sequential fabrication steps by silicon microelec-
tronic fabrication methods relies on the use of a series of alignment
marks [10]. The alignment accuracy depends on a range of factors,
including the photolithographic resist as well as the precision of
the etch, deposition, and growth process used [10]. These fabrica-
tion approaches have been adapted and adopted for the fabricationY license.of microﬂuidic devices and sensors as well as for patterning of pro-
teins by using microcontact printing (lCP)1 methods that have
been developed [11]. Although the application of lCP methods is
well-suited for arrays of one or multiple printed components [12],
the alignment of shaped lCP motifs and shaped microﬂuidic chan-
nels with underlying microfabricated structures to micrometer pre-
cision is now required. The most relevant approaches that go some
way in achieving this include that reported by Chakra and coworkers
where antibodies were grafted inside an integrated microﬂuidic
device by means of lCP [13] and that where poly-L-lysine was asso-
ciated (but not conjugated) with electrode arrays [14]. Although
methods for the alignment of biomolecule-patterned motifs with
the underlying structures have been reported [13,14], the alignment
was assessed only in a qualitative manner and the pattern unifor-
mity was not considered for these methods. Here we report a meth-
od that provides both (i) accurate alignment and (ii) high uniformity
of the conjugation of the biomolecule, both of which are needed for
integrated sensor-microﬂuidic devices and lab-on-a-chip systems.bovine serum albumin; TNF-a, tumor necrosis factor alpha; Cy5.5 NHS ester, cyanine
5.5 N-hydroxysuccinimide ester; PBS, phosphate-buffered saline; XPS, X-ray photo-
electron spectroscopy; UV, ultraviolet; DMF, dimethylformamide; MWCO, molecular
weight cutoff; CCD, charge-coupled device; SNR, signal-to-noise ratio.
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cules to only the active region of the sensor and not the surround-
ing (inactive) regions is critical to achieve the optimal bioafﬁnity
sensor response. The creation of lab-on-a-chip devices for the anal-
ysis of very small volumes (10–100 ll) of biological ﬂuids is
becoming more important. Firstly in tracking and detecting bio-
markers or pharmaceutical agents in microlitre volume blood sam-
ples from small animals (i.e. mice) so that blood can be analysed
without sacriﬁce of the animals at every timepoint - thus providing
protocols that conform to the principles of the 3Rs (replacement,
reduction and reﬁnement). Secondly, clinical studies and diagnos-
tic approaches for use with at risk patients become possible; small
blood samples taken with a lancet is less likely to compromise the
health of patients as compared to regular intraveneous blood dona-
tion (i.e. the elderly). For the sensitive detection and quantiﬁcation
of analytes in integrated sensor-microﬂuidic devices using very
small volumes of analyte, consideration of the channel shape as
well as the motif design of the surface-conjugated recognition mol-
ecules on the active region of the sensor is required. The reason for
this is that consideration of the effective delivery of analytes
within the ﬂuid ﬂowing through the microﬂuidic channel over
the sensor is important so that there is uniform association of
the analyte with the recognition molecules on the sensor active
region. Recently, we investigated an approach for the effective
delivery of small volumes (ll) of analytes within microﬂuidic
channels to the active region of a planar optical sensor [15].
Numerical methods were applied to the design of the shape of
the channel and also to the shape of the motif on the active region
of the sensor. Designs of microﬂuidic channels and motifs of pat-
terned sensors suitable for nearly complete mass transfer to the
recognition molecules on the sensor and uniform association were
obtained [15]; this study was the ﬁrst (as far as we are aware)
where the channel and motif shape was considered for the
optimized ‘‘capture’’ by association of analyte from low volumes
of solution. Other related studies have been focused on the
design of integrated microﬂuidic afﬁnity sensor systems for the
evaluation of the binding parameters for biomolecular recognition
[16,17].
Here a semi-automated lCP printer for bioconjugation of pat-
terns on surfaces in deﬁned aligned locations is presented. In
developing this method, it became clear that the bioconjugate
chemistry that is compatible with this lCP method required
improvement for the attachment of ‘‘sensitive’’ proteins that are
prone to denaturation on the polydimethylsiloxane (PDMS) stamp.
The lCP technology, the precision of alignment, and the bioconju-
gate chemistry, as well as the second alignment of an overlying
microﬂuidic structure, are described in detail. This methodology
is likely to have broad applicability to many lab-on-a-chip applica-
tions applied to biochemistry.
Materials and methods
Materials and reagents
Materials and reagents were purchased from the following
sources: Sylgard 184 PDMS prepolymer and cross-linking catalyst
from Dow Corning; photoresists SU-8-2 and SU-8-10 from Micro-
Chem; EC solvent fromMicroposit; hydrogenperoxide (35%), dextran
(500 kDa), anhydrous toluene (99.8%), NeutrAvidin, NeutrAvidin–
FITC (ﬂuorescein isothiocyanate), and sodium cyanoborohydride
(95%) from Fisher Scientiﬁc; glycidyl-3-oxypropyltrimethoxysilane
(GOPS, 97%) and bovine serum albumin (BSA, 96%) from Sigma–
Aldrich; ammonium hydroxide solution (50%) and sodium metape-
riodate (98%) from Alfa Aesar; recombinant murine tumor necrosis
factor alpha (TNF-a) and anti-mouse TNF-a antibody from R&D
Systems; SureLINK Chromophoric Biotin Labeling Kit from InsightBiotechnologies; cyanine 5.5 N-hydroxysuccinimide ester (Cy5.5
NHS ester) fromGEHealthcare; and5-kDaVivaspin centrifugal ﬁlters
fromSartorius Stedim.All other reagents usedwere fromcommercial
sources and of the highest grade (clean room or molecular biology
grade). All water used was ultrapure (18.2 MX cm). Phosphate-buf-
fered saline (PBS, pH 7.4)waspreparedusing literaturemethods [18].
Glass substrates were either 50 50 1-mm or 76 26  1-mm
Menzel glass. All glass surfaceswere cleaned using an RCA clean (im-
mersed in ethanol for 20 min, dried, immersed in 1:1:5 ammonium
hydroxide/hydrogen peroxide/water for 30 min, rinsed with water
for 10 min, dried under a stream of nitrogen, and then baked at
75 C for 1 h) before use [19]. Photomasks were designed using the
L-Edit mask layout editor (Tanner Research) and fabricated by Com-
pugraphics. A Nanodrop ND-1000 spectrophotometer (NanoDrop
Technologies) was used for the optical absorption measurements.
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) spectra were obtained
using a Kratos Axis Ultra-DLD photoelectron spectrometer with
monochromatic Al Ka radiation (photon energy = 1486.6 eV) at
120W power. High-resolution spectra were collected at 40 eV pass
energy, whereas surveys are acquired at 160 eV; the analysis area
was 700  300 lm. All XPS spectra are calibrated to the C(1s) sig-
nal, which was assigned a value of 285 eV typically used for poly-
meric/organic materials [20].
Menzel glass substrates (1  1 cm) were cut, cleaned, and
functionalized as for the larger glass substrates described below.
Aldehyde-functionalized substrates were coated with NeutrAvidin
(1.7 lM) (rather than stamped), incubated under a cover slip in a
humid chamber for 1 h, and rinsed extensively with water to
remove excess NeutrAvidin. The NeutrAvidin-coated substrates
were incubated with sodium cyanoborohydride as described below
and then washed.
Contact angle measurements
Droplets (1 ll) of water were placed on the surface and left to
stabilize for 15 s before measurement with a Kruss contact mea-
surement tool ﬁtted with a DSA100 goniometer with tilting stage
and a Kruss T1C in-built camera. The instrument software was
used to calculate the contact angle. Contact angle measurements
were obtained from triplicate measurements from three samples.
Image analysis
All images were acquired using an Axio Observer Z1 micro-
scope, AxioCamHR3, and AxioVision software (image size =
1388  1040 pixels). Images were obtained using 2.5 and 10
lenses. (Note that the length of the printed taper motif was ob-
tained from an image collected with the 2.5 lens and the width
was obtained from an image collected with the 10 lens; thus, dif-
ferent measurement errors are obtained.) MATLAB was used for
image analysis.
Fabrication of alignment marks in glass substrates
An ion beam etch process was used to create alignment marks
on the glass substrates prior to functionalization. To achieve this,
50  50  1-mm glass substrates, cleaned with a standard RCA
clean process, were baked at 120 C for 1 h. A photoresist layer
(SU-8-2) was deposited by spin coating at 2000 rpm for 30 s, baked
at 60 C for 1 min, and then baked at 90 C for 3 min. The SU-8
layer was exposed to ultraviolet (UV) light through a photomask
with the designed features for 11 s at 10 mW/cm2 in the mask
aligner (MA-6, Suss Microtec), baked for 1 min at 65 C, and then
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developer (EC solvent) for 60 s, rinsed in isopropyl alcohol, dried
under a stream of nitrogen, and then baked at 120 C overnight.
The glass was etched in a reactive ion etch (RIE) plasma (IonFab
300 plus, Oxford Instruments) under the following conditions: sub-
strate temperature 15 C, substrate rotation 5 rpm, etch angle 45,
etch time 30 min, argon 6 sccm, chamber pressure 30 mB, beam
voltage 500 V, and beam current 100 mA. After etching, the glass
substrates were immersed in fuming nitric acid to remove the
remaining SU-8, rinsed in water, and then dried under a stream
of nitrogen. The resulting etched features were found to be
0.5 lm deep.
Functionalization of surfaces
The patterned glass substrates, after cleaning using an RCA
clean, were silanized by immersion in 1% GOPS in anhydrous tolu-
ene for 1 h under an atmosphere of nitrogen. Glass substrates were
then rinsed three times in toluene, rinsed three times in absolute
ethanol, and dried under a stream of nitrogen. The silanized glass
substrates were immersed in an aqueous solution of 500 kDa dex-
tran (30%, w/v) at pH 7.2 and rocked gently at room temperature
overnight using a modiﬁcation of an established method [21]. Fol-
lowing incubation, the glass substrates were gently, but thor-
oughly, washed in deionized water. The dextran-coated glass
substrates were incubated in aqueous sodium metaperiodate solu-
tion (30 mM) for 2 h at room temperature with shaking and pro-
tection from ambient light, washed in deionized water for
10 min, and then dried under a stream of nitrogen.
Fabrication of PDMS stamps and microﬂuidic channels
Stamp masters were designed and fabricated in SU-8-10 on
5  5  0.1-cm slides using a modiﬁed literature method [22]. A
photoresist layer (SU-8-10) was deposited on the glass substrate
by spin coating at 2750 rpm for 30 s, baked at 65 C for 4 min,
and then baked at 95 C for 6 min. The SU-8 layer was exposed to
UV light through a photomask with the designed features for 20 s
at 10 mW/cm2 in the mask aligner (MA-6), baked for 3 min at
65 C, and then baked for 4 min at 95 C. The slide was then dipped
in developer EC solvent for 60 s, rinsed in isopropyl alcohol, dried
under nitrogen, and then baked at 120 C overnight. The thickness
of the SU-8 features was measured as 10.4 lm (scan speed =
50 lm/s) with a proﬁlometer (Alpha Step IQ, KLA Tencor). The
PDMS prepolymer was mixed thoroughly with the cross-linking
catalyst (supplied with the prepolymer) at 10:1 (w/w) and de-
gassed under vacuum (10 mmHg) until bubbles from the mixture
no longer evolved. The polymer was injected into a specially de-
signed holder (see supplementary material) containing the SU-8
master and then left to polymerize at 90 C overnight. After re-
moval from the holder, a PDMS stamp or microﬂuidic channel at-
tached by the back face to a 76  26  1-mm glass substrate was
produced. The PDMS stamps ormicroﬂuidic channels were then ex-
posed to an oxygen plasma treatment (PlasmaLab 80, Oxford
Instruments). Chamber conditions were as follows: 100 W, 50 mT,
20 sccm oxygen for 30 s to render the surface hydrophylic [22,23].
Microcontact printer with alignment to substrate
The plasma-treated PDMS stamps were immersed in either
NeutrAvidin (1.7 lM) or ﬂuorescein-labeled NeutrAvidin (1.7 lM)
in PBS solution and incubated at 4 C for 2 h. Stamps were removed
from the inking solution and then dried under a stream of nitrogen
prior to stamping.
The microcontact printer provides a means of bringing two
transparent and approximately ﬂat surfaces into accuratealignment (full details are provided in the supplementary mate-
rial). Translation and rotation are provided on both surfaces so that
features on one surface may be aligned with respect to similar fea-
tures on the second surface. This alignment is facilitated by a
microscope that is used to image both surfaces from above. A func-
tionalized glass substrate is placed with the functionalized surface
facing downward in the substrate holder. The substrate holder has
ﬁve degrees of freedom (three translations along the x, y, and z axes
and the two rotations hx and hy around the x and y axes). The inked
PDMS stamp is positioned face upward within the stamp holder,
which also has ﬁve degrees of freedom (two translations along
the x and y axes and three rotations hx, hy, and hz around the x, y,
and z axes).
First, alignment is performed using the microscope. x and y
translation is provided on both surfaces (computer controlled on
the substrate) so that features on one surface may be aligned with
respect to similar features on the second surface. The manual hz ad-
juster on the stamp platform can be used to correct any angular
misalignment. A HeNe laser (633 nm, 0.1 mW, Melles Griot) pro-
vides an interferometric means of setting the hx and hy adjusters
for each surface. This ensures that the surfaces are parallel prior
to contact. Once the surfaces are aligned, the substrate is lowered
into contact with the stamp using a computer-controlled z transla-
tional stage.
The force applied needs to be approximately 10 mN to prevent
stamp collapse and is measured via a piezo strain gauge in the
stamp holding platform. Contact between the surfaces can be ob-
served, and images can be recorded. This allows analysis and qual-
ity control of the lCP. The stamps are kept in contact with the
substrate for 20 min at room temperature in a humid chamber.
After stamping, the substrate is slowly raised, removed from the
microcontact printer, and then incubated under a glass cover slip
in a humid chamber for 1 h with 5 ll of 50 mM sodium cyanoboro-
hydride in 10 mM sodium hydroxide/100 mM sodium hydrogen
carbonate buffer. The glass substrate is then washed in PBS con-
taining Tween 20 (0.05%, w/v) and BSA (1%, w/v) for 30 min to
block nonspeciﬁc binding, rinsed with water, and then dried under
a stream of nitrogen.
Incubation with biotinylated TNF-a
Biotinylated TNF-a was synthesized by combining SureLINK
Chromophoric Biotin (40 mg/ml in dimethylformamide [DMF])
and recombinant mouse TNF-a (0.5 mg/ml in modiﬁcation buffer
[100 mM phosphate and 150 mM NaCl, pHs 7.2–7.4]). The solution
was vortexed and incubated at room temperature with gentle agi-
tation overnight. Biotinylated TNF-awas puriﬁed by centrifugal ﬁl-
tration (5000 molecular weight cutoff [MWCO]). The degree of
biotin incorporation was calculated by measuring UV absorbance
at 280 and 354 nm (details for calculation are found on the techni-
cal speciﬁcation sheet provided with the reagent). The TNF-a/bio-
tin ratio was 0.59. The NeutrAvidin-stamped glass substrate was
incubated under a glass cover slip in a humid chamber for
30 min with biotinylated TNF-a (1 ll, 0.88 lM) in PBS (pH 7.4).
The substrates were washed in water for 5 min and then dried un-
der a stream of nitrogen.
Incubation with Cy5.5 antibody
Cy5.5 TNF-a antibody was synthesized by combining monoclo-
nal anti-mouse TNF-a/TNFSF1A antibody (200 ll, 0.5 mg/ml, in
PBS) with Cy5.5 NHS ester (2.2 ll, 10 mg/ml, in DMF). The solution
was vortexed and incubated at room temperature with gentle agi-
tation for 3 h. Cy5.5 TNF-a antibody was puriﬁed by dialysis (5000
MWCO) against aqueous sodium chloride solution (0.15 M) twice
and then PBS (pH 7.4). The degree of Cy5.5 incorporation was
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The Cy5.5/TNF-a antibody ratio was 2.4. The stamped glass sub-
strate with conjugated cytokine was incubated under a glass cover
slip in a humid chamber for 30 min with TNF-a antibody (5 ll,
100 lg/ml Cy5.5, in PBS, pH 7.4). The substrates were then washed
in water for 5 min on a shaker and dried under a stream of nitro-
gen, prior to imaging.
Use of microcontact printer for alignment of microﬂuidic structure to
printed substrate
Microﬂuidic masters, containing alignment marks, were de-
signed and fabricated in SU-8-10 on 5  5  0.1-cm slides. PDMS
microﬂuidic structures were then fabricated in an identical manner
as for the stamps used for lCM (see above) apart from the fact that
the glass slide had been drilled and two nanoport microﬂuidic con-
nectors (Upchurch) were glued over the holes (see supplementary
material). Once the PDMS is cured, the SU-8 master is removed
carefully and holes are punched through the PDMS structure to
the nanoport ﬁttings with either a biopsy punch or a blunt-ended
needle. The PDMS microﬂuidic structure was then oxygen plasma
treated (as for the PDMS stamps above), assembled into the same
system used for the lCM (see supplementary material), and then
aligned with the protein printed substrate making use of the align-
ment marks. Although not always necessary, it was then possible
to glue both the substrate and the overlying microﬂuidic structure
together using some adjacent detachable glued strips (see supple-
mentary material). The resulting structure yields an assembled de-
vice into which standard PEEK tubing (1/16 inch o.d., Upchurch)
can be introduced.
Results and discussion
In this study, we present a semi-automated lCP method that al-
lows both precise uniform grafting of shaped biomolecule motifs
that are aligned with underlying sensors and the bioconjugate
chemistry method, where NeutrAvidin (a commercially available
deglycosylated version of streptavidin) is stamped using the lCP
method onto oxidized dextran-conjugated glass substrates, after
which proteins conjugated with biotin (the example demonstrated
here is TNF-a) are associated with the stamped motifs. The sub-
strate containing the protein motifs is then aligned with a micro-
ﬂuidic structure appropriate for bioafﬁnity sensing applications.
Semi-automated lCP
For these studies, a motif that is a long thin taper design is used
because it is ideal to demonstrate whether (i) the pattern shape is
distorted during the printing process, (ii) the polymers used for the
stamp or mold shrinks, expands, or reﬂows during fabrication, and
(iii) there are edge effects during the transfer of the protein from
the stamp to the surface. A taper pattern of 1.5 mm long and 8 to
60 lm wide is created (Fig. 1H). Surrounding the taper pattern
are alignment motifs that are used for alignment with the underly-
ing substrate (Fig. 1G). Each alignment mark consists of a two
squares (50 lm) separated by 34 lm and two rectangles
(50  80 lm) separated by 34 lm that are used to align with a cru-
ciform that is 164 lm long, 134 lm wide, and 34 lm broad. Six
series of alignment marks were used with a separation of
464 lm (x axis) and 474 lm (y axis). There are two additional large
rectangles of 150  100 lm to frame the tapered motif, but these
features are outside the imaging region during the printing align-
ment (described below).
SU-8 masters (used to create PDMS stamps) were fabricated
from the mask, and the taper motif was measured to be
1507 ± 59 lm long and 58.31 ± 0.16 lm wide (at the widest partof the taper). The difference in size between the mask dimensions
(1500 lm long and 60 lm wide) and the SU-8 mold dimensions is
considered to be a result of the well-known reﬂow of the SU-8 dur-
ing baking (due to the thermoplastic properties of SU-8) [25]. The
thickness of the SU-8 was measured to be 10.42 lm using a
proﬁlometer.
To ensure reproducible protein patterns, the elastomer stamp
needs to be fabricated as accurately as possible and the surface
of the stamp should be parallel to the glass substrate that supports
it. In this study, PDMS is injection molded against the base relief
master (Fig. 1C; see also supplementary material for further de-
tails). The master is removed after curing. This process results in
a PDMS stamp attached to a microscope slide that can be mounted
onto the microcontact printer for alignment; the surface of the lCP
stamp is parallel to the glass surface to which it is attached
(Fig. 1E). Phase contrast images of the glass substrate used for pat-
terning (substrate III) and the PDMS stamp are shown in Fig. 1G
and H, respectively. The alignment marks on glass substrate III
(Fig. 1G) are cruciform-shaped crosses, and the alignment marks
on the PDMS stamp are squares and rectangles that ﬁt precisely
around the cruciform motifs on the glass substrates. Alignment
marks are routinely used in silicon microfabrication; the example
used here is one of the simplest [10].
The microcontact printer essentially consists of two platforms
that can be manipulated in position and angle to bring the PDMS
stamp into parallel contact with the surface of the substrate to
be printed (Fig. 1E). The platform that holds the substrate to be
printed makes use of computer-controlled x, y, and z translation
stages to improve accuracy and to allow automation of multiple
stamping operations. A strain gauge is incorporated into the lower
platform to register the force with which the stamp is applied to
the substrate. Fig. 2 is a schematic representation of the optical
components conﬁgured to ensure conformal alignment of the sub-
strate with the stamp. A simple ‘‘in-house built’’ microscope is
used to image the stamp and the glass printing substrate from
above, allowing positional and rotational alignment in the horizon-
tal plane (Fig. 2). The microcontact printer also uses an interfero-
metric alignment technique to ensure that the stamp and
printing surface are parallel. Interferometric alignment is achieved
in real time using a HeNe laser (633 nm) [26]. Light from the HeNe
laser also provides the illumination for the microscope. Light from
the HeNe laser (633 nm) is highly coherent, with a coherence
length of 20 to 30 cm being typical. Because the stamp and the sub-
strate are separated by considerably less than the laser coherence
length, the back-reﬂected light from the glass slide supporting the
stamp and from the substrate to be patterned is mutually coherent.
When the stamp and the substrate are nearly parallel, these back
reﬂections will produce an interference pattern on the interferom-
eter charge-coupled device (CCD) (see supplementary material for
example images of interference patterns). Where the path length
from the stamp to the printing substrate and back again is an inte-
ger multiple of the laser wavelength, a bright fringe will be pro-
duced. This means that the light from the stamp and the printing
substrate are in phase and constructively interfere at the CCD.
With the use of the microcontact printer, accurate and repeat-
able stamping is possible. First, the microscope, the manual rota-
tion stage, and the motorized x and y stages are used to align the
etched alignment marks on the functionalized substrate to the
stamp features. The next step is to use the interferometric align-
ment system to adjust the tip and tilt of the two platforms. This en-
sures that the stamp and functionalized substrate are parallel prior
to contact. Once alignment is achieved, the motorized z stage is
used to lower the functionalized substrate into contact with the
stamp (20 min) within a humid environment. Stamp collapse
(which would lead to printing in unwanted areas) is prevented
by carefully monitoring the force with which the stamp is applied
Fig.1. Schematic diagram showing the fabrication of the PDMS stamp and glass substrate with alignment marks. (A) Illumination of SU-8 photoresist on glass substrate I for
the creation of the SU mold, shown in panel B, after development. (C) Fabrication of the PDMS stamp. (D) PDMS stamp attached to glass substrate II after removal from the SU-
8 mold. (E) PDMS stamp coated in NeutrAvidin is placed in the semi-automated contact printer and aligned with glass substrate III that has been functionalized with oxidized
dextran. (F) Alignment of PDMS microﬂuidic channel with protein-patterned substrate. (G) Phase contrast image of etched cruciform alignment marks (164 lm long, 134 lm
wide, and 35 lm broad) in the glass substrate III. (H) Bright-ﬁeld phase contrast image of tapered PDMS stamp motif surrounded by alignment marks used to align the
tapered stamp pattern with the cross alignment marks (in the glass substrate to be patterned; see panel E). The alignment marks consist of two squares (50 lm) and two
rectangles (50  80 lm) separated by 34 lmwith two further rectangles (not used for alignment) of 150  100 lm. The separation of the alignment marks is 464 lm (x axis)
and 474 lm (y axis) in panels G and H. The scale bar shown in panels G and H is 100 lm.
Fig.2. Schematic diagram of the optical components of the microcontact printer.
The beam (dashed line) from a HeNe laser (633 nm) is expanded by the lens (L1)
and then relayed by mirror (M1) to a 50:50 beam splitting cube (S1). Part of the
beam is reﬂected from S1 to S2, which reﬂects part of the beam upward through the
transparent surfaces of the stamp and the substrate. The partial back reﬂection
produced by the interface with the substrate and the stamp are reﬂected by S2 and
passes through S1, where it is collected by the CCD camera (lower left). A neutral
density ﬁlter (ND) is inserted in front of the CCD used for the interferometer. Lenses
(L2 and L3) produce a magniﬁed image of the stamp and substrate in the CCD
camera (top right).
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terning of NeutrAvidin in precisely deﬁned locations of the func-
tionalized surfaces.Surface functionalization
The method described here was developed by us for the immo-
bilization of cytokines; the example of TNF-a is demonstrated
here. A major issue on immobilization of proteins onto sensor sur-
faces is the preservation of the protein structure and function, in
other words, bioconjugation of the protein to the surface without
denaturation. This has not been a problem with structurally and
functionally robust proteins that are typically used for printing
applications such as BSA, streptavidin, and horseradish peroxidase
[27], whereas many proteins are less robust and denaturation oc-
curs on absorption onto untreated hydrophobic PDMS stamps that
are used for lCP [28] or as a result of drying and stamping onto
surfaces [29]. During the development stages of this study, direct
lCP of TNF-a onto the dextran-functionalized surface was at-
tempted, but the conjugated TNF-a (detected using the Cy5.5-la-
beled antibody) was unevenly distributed and rapidly denatured
over short periods of time (<1 day) as observed by a reduction to
complete lack of association of the Cy5.5-labeled antibody. Thus,
the approach of Iversen and coworkers was revised and adapted
for lCP onto the dextran surface, and this involved stamping a
robust protein, such as streptavidin (but in our case NeutrAvidin),
onto the surface and then associating a biotin-functionalized pro-
tein (in solution) with the streptavidin pattern [27]. This approach
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also allows the protein orientation to be deﬁned [30]. (For this de-
scribed case [via biotin-functionalized TNF-a], the TNF-a associ-
ated with the patterned NeutrAvidin did not detectably denature
for at least 2 weeks if stored in PBS buffer [pH 7.4] at 4 C.)
The method presented here allows the creation of motifs of bio-
molecules on surfaces with nonstandard shapes and has the poten-
tial to be used to create surfaces with large numbers of different
sensors where sensors are separated by a distance; the separation
of integrated sensors is vital so that there is no cross-talk with re-
spect to detection (via optical, electrical, or other means). The sen-
sors are functionalized with NeutrAvidin; thus, the approach
provides the opportunity for the association of any biotin-labeled
molecule—whether that is DNA, protein, peptide, or antibody (or
fragment)—and, thus, is versatile.
Shown in Fig. 3 is a schematic of the surface functionalization
chemistry that provides a glass substrate for the attachment of
NeutrAvidin (steps i–iv) as well as a schematic for the association
of the conjugate of TNF-a–biotin (step v) and the immunostaining
step (step vi). The method as reported by Iversen and coworkers
was attempted [27], but for the proteins used by us (TNF-a–biotin
and the antibody for TNF-a labeled with Cy5.5), there was an unac-
ceptable degree of nonspeciﬁc binding (often termed fouling) of the
proteins to the surface in the area surrounding the lCP biomolecule
motif. Chapman and coworkers suggested that a surface layer that
is hydrophilic and electrically neutral is required [31]; a widely
used material that fulﬁlls this requirement is dextran [32,33]. Sur-
faces where these materials are covalently attached have been fur-
ther conjugated to biomolecules on the surface; adding these
‘‘spacers’’ provides an improved capacity for biological recognition
by the attached molecules [34]. So, the glass surface was ﬁrst func-
tionalized with dextran and then NeutrAvidin as shown in Fig. 3.
The advantage of using a dextran surface to which NeutrAvidin is
attached in patterns is that the perimeter of the stamped pattern
is coated with an antifouling surface suitable for eventual applica-
tion with complex biological ﬂuids (e.g., serum) [33].
Prior to stamping and functionalization of the glass substrates,
alignment marks (Fig. 1G) were etched into the Menzel glass slide
by reactive ion etching. SU-8 was the lithographic resist used, and
so any variation in size due to reﬂow of the mask should be consis-
tent with that seen for generation of the stamp mold; the etched
crosses were 165.05 ± 0.14 lm long, 135.12 ± 0.29 lm wide, and
31.60 ± 0.69 lm broad. This is slightly larger than the mask size
(164 lm long, 134 lm wide, and 34 lm broad). The RCA-cleaned
glass substrate is treated with the silanizing agent, GOPS, under
anhydrous conditions and then thoroughly washed and dried.
The contact angle was measured to be 90.4 ± 1.3, which in com-
parison with the RCA-cleaned glass substrate (where the contact
angle is 71.4 ± 6.0) demonstrates that the surface is more hydro-
phobic. Functionalization is conﬁrmed by XPS analysis. For the
unfunctionalized glass surface, the predominant signals are those
attributable to carbon, oxygen, and silicon, although wide scans
(1200 to –5 eV) do reveal the presence of Na, Ca, K, and N (typical
contaminants found in Menzel glass), all of which are below
approximately 1%. XPS analysis of the GOPS functionalized surface
(narrow scan analysis of the C(1s) region) reveals peaks at 285.0,
286.7, 288.3 and 289.2 eV (Fig. 4A, spectrum i). We assign the peak
at 285.0 eV to the unsaturated hydrocarbon bonds (CC/CH) and the
peak at 286.7 eV to the ether linkage, characteristic of the GOPS
[35]. The smaller peaks at the higher energies are characteristic
of carboxylate-like functionlatities (CO(C@O)/COOH). The silicon
content of the GOPS is indistinguishable from that of silica (the
glass) because they have very similar binding energies of approxi-
mately 103 eV [36].
The surface-functionalized substrates were then immersed in a
dextran solution (Fig. 3, step i); reaction of the glass surface-conju-gated epoxide groups with the dextran provides a surface that is
highly hydrophilic, as shown by measurement of the contact angle
(69.8 ± 2.0); thus, an approximately 20 decrease in contact angle
as compared with the starting epoxide (GOPS)-coated surface (de-
scribed above) is seen. XPS analysis was done; conjugation of the
epoxide layer with dextran revealed a marked change in the inten-
sity of given functionalities for the C(1s) spectra proﬁle and was
characterized by binding energies of 285.0, 286.8, 288.3, and
289.4 eV (Fig. 4A, spectrum ii). Dextran itself can be identiﬁed by
a strong ether linkage (labeled R-O-R in Fig. 4A, spectrum ii), and
an increase in intensity for the signal at 286.8 eV indicates the in-
creased concentration of these bonds, which can only be associated
with the grafting of the dextran [34]; as seen previously, we assign
the smaller peaks at 288.3 and 289.4 eV (Fig. 4A, spectrum ii) to be
those associated with carboxyl-based functionalities. These
changes are consistent with the reaction with the epoxide groups
and the formation of new ether dextran bonds.
The dextran, on the surface of the substrates, is oxidized by
immersion in sodium metaperiodate to yield aldehyde groups
(Fig. 3, step ii). Carbonyl groups such as aldehydes can react with
amines to form Schiff base intermediates that are in equilibrium
with their free forms; the addition of sodium cyanoborohydride re-
sults in the reduction of the Schiff base intermediate and formation
of a covalent bond, creating a secondary amine linkage between
the two molecules (Fig. 3, step iv). The aldehyde-functionalized,
dextran-coated glass substrates were used for NeutrAvidin attach-
ment within the lCP system described above.
The desired NeutrAvidin patterns were created using PDMS
stamps that were brought into contact with the oxidized dextran
surface using the semi-automated lCP method described above.
Stamped surfaces were incubated in sodium cyanoborohydride
solution to reduce Schiff base intermediates and form covalently
bound NeutrAvidin patterns.
To establish the dimensions and uniformity of the motifs of
NeutrAvidin attached to the surface, FITC-labeled NeutrAvidin
(rather than NeutrAvidin) was used. The surfaces were imaged
by ﬂuorescence microscopy at low magniﬁcation (2.5) to allow
the full motif to be viewed (Fig. 5). This was found to be
1477.45 ± 0.80 lm long and 60.59 ± 0.20 lm wide (at the widest
point). The uniformity of the NeutrAvidin attachment is apparent
from plots of the ﬂuorescence intensity over the surface, as illus-
trated in Fig. 5. Fig. 5A shows the full image, including the align-
ment marks; the intensity of the signal at the wider and
narrower regions of the taper is the same. This is further demon-
strated in Fig. 5B, where the intensity of the ﬂuorescence at the
tip is uniform, and as illustrated in Fig. 5C, the density of ﬂuores-
cently labeled NeutrAvidin conjugated on the surface is the same
as that at wider regions of the taper. The signal-to-noise ratio
(SNR) of the stamped region was found to be 5.8. The noise within
the image for the nonstamped region was nearly the same as that
for the stamped region. Thus, NeutrAvidin is found to be conju-
gated uniformly over the taper motif irrespective of the width of
the stamp. Notably, there is little evidence for nonspeciﬁc binding
(fouling) in the regions surrounding the stamped motif (using the
bioconjugation approach described here); nonspeciﬁc binding
would be detected by the presence of the ﬂuorescent Cy5-labeled
antibody in regions on the surface that had not been in contact
with the lCP stamp.
To demonstrate the covalent attachment of NeutrAvidin to the
surface, XPS studies were done. However, due to the sample size
limitations for the XPS measurements, 1-cm2 dextran-functional-
ized glass surfaces were coated with NeutrAvidin, rather than
stamped, following incubation and washing. The surfaces were
treated with sodium cyanoborohydride (see Materials and Meth-
ods) and then evaluated. The presence of NeutrAvidin is exempli-
ﬁed by the intense N(1s) signal at 400.2 eV (Fig. 4B, spectrum iii),
Fig.3. Bioconjugation chemistry for use with the microcontact printer. In step i, the epoxide coated glass, obtained by reaction of the clean glass substrate with GOPS, is
treated with a solution of dextran. In step ii, the dextran-coated surface is then oxidized with sodium metaperiodate to yield the aldehyde-functionalized surface (iii); this
substrate is used for the lCP method, where NeutrAvidin is printed in motifs on the surface and nonprinted areas are later ‘‘blocked’’ with BSA. In step iv, the Schiff base is
reduced with sodium cyanoborohydride. In step v, the covalently attached NeutrAvidin patterned on the surface is treated with biotin-labeled protein (TNF-a). In step vi, the
patterns are then revealed by immunostaining with Cy5.5-labeled antibody.
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[36] and, indeed, is a feature of amides in general [20]. The change
in the C(1s) spectra from the addition of NeutrAvidin illustrates the
reduction of the Schiff base to form an amide bond and is shown by
the reduction of the ether signal and the development of a promi-
nent and deﬁned amide peak (288.3 eV) that is identiﬁed in Fig. 4A
(C(1s), spectrum iii). The contact angle measurements were ob-
tained for similarly prepared samples and found to be
59.8 ± 1.4; this was compared with the contact angle measured
for three samples where the blocking conditions had been applied
(BSA in a PBS solution of Tween 20), and the contact angle was
measured to be 52.9 ± 6.4. Thus, the NeutrAvidin-functionalized
surface (i.e., the pattern) and the surrounding area of the pattern
are highly hydrophilic—even more than the dextran-coated slides;
this suggests that the surface consists of a layer of dextran below
the NeutrAvidin layer.
NeutrAvidin was patterned using the lCP method onto the
substrate, and protein was immobilized following blocking ofnonspeciﬁc binding by incubation in a solution of PBS with BSA
and Tween 20. The cytokine (TNF-a) was biotinylated as described
in Materials and Methods and used for speciﬁc association with the
stamped NeutrAvidin patterns. Following incubation of the Neu-
trAvidin-patterned surface with the bioconjugate of biotin–TNF-a
(Fig. 3, step v), the presence and uniformity of the cytokine on
the stamped NeutrAvidin pattern was determined following incu-
bation with ﬂuorescently labeled antibodies (Fig. 3, step iv). The
patterns were evaluated by ﬂuorescence microscopy and are
shown in Fig. 6. The ﬂuorescently labeled cytokine patterns were
found to be of a similar dimension to the FITC-labeled NeutrAvidin
patterns shown in Fig. 5.
The intensity of the ﬂuorescence from the Cy5.5 over the surface
pattern on the substrate was measured, and an SNR of 49.7 was
found; the SNR is much higher than that for the FITC-labeled Neu-
trAvidin-patterned substrate shown in Fig. 5, most likely because
near-infrared ﬂuorophores (e.g., Cy5.5) have minimal background
compared with visible ﬂuorescence due to reduced scattering
Fig.4. XPS spectra of functionalized substrates. (A) XPS spectra showing C(1s) lines.
(B) XPS spectra showing N(1s) line. The spectra shown in panels A and B are for
epoxide-functionalized (GOPS) glass substrates (see Fig. 3) (i), dextran-conjugated
product after reaction with epoxide-functionalized glass substrate (ii), and
NeutrAvidin-conjugated product following Schiff base reduction (iii).
Fig.5. Evaluation of the uniformity of NeutrAvidin within the printed motif. Shown
are FITC-labeled NeutrAvidin patterns on dextran-functionalized glass substrates
examined by ﬂuorescence microscopy (2.5 magniﬁcation): (A) three-dimensional
ﬂuorescence intensity plot showing the entire stamped pattern, including the
alignment marks; (B) three-dimensional ﬂuorescence intensity plot showing the tip
of the stamped taped pattern; (C) plots of the ﬂuorescence intensity across the
width of the motif at points 1444 lm (. . ...), 1244 lm (——), and 133 lm (—) from
the widest part of the taper.
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the glass surface. Fig. 6A shows the long taped motif
(1480.85 ± 1.22 lm long and 63.48 ± 0.15 lm wide at the widest
part at the taper end) surrounded by the alignment marks as well
as the outline of the mask (shown in red) (1.5 mm long and
60 lm at the widest part). The length of the motif is approximately
1.1% shorter than the mask design, and this is attributed to shrink-
age of the PDMS during curing [38]. The width of the taper at the
wider end is larger by 1.7%, and this is considered to be due to edge
effects during printing [39,40]. As seen in Fig. 6, the area surround-
ing the patterned motif has limited nonspeciﬁc binding. It is pro-
posed that this is facilitated by the presence of the dextran/BSA
layer, which is highly hydrophilic (as described above) and, as sug-
gested by Chapman and coworkers [31], is a key requirement for
nonspeciﬁc binding. However, as seen in Fig. 6A, the size of the
overall pattern is different from that of the mask used to fabricate
it by a factor that is measured to be 1.4% (x axis) and 1.1% (y axis).Alignment analysis
It is clear from the data provided above for the tapered pattern
in the SU-8 mold and then printed using the PDMS stamp that
there is a small difference between the dimension of the maskand that of the printed taper motif. Surrounding this taper pattern
is a series of alignment marks, and these are used for alignment
with the cruciform motifs on the underlying substrate. The size
and separation of the etched cruciform alignment motifs are nearly
identical to those of the photolithographic mask used to create
them, but the size and separation of the NeutrAvidin printed motifs
are reduced by 1.4% (x axis) and 1.7% (y axis) as compared with
the mask and the SU-8 mold used to create the PDMS stamp. The
reduction of the size of the printed motif of NeutrAvidin is due
Fig.6. Evaluation of the patterned surfaces of biotin–TNF-a (associated with
NeutrAvidin patterns) as revealed by Cy5.5-labeled TNF-a antibody. Fluorescence
microscopy images are shown. (A) Full tapered motif and the alignment marks (5
magniﬁcation). Lines show the outline of the mask used to fabricate the PDMS mold
master. (B) Magniﬁed view showing the tip of the tapered pattern with the outline
of the lithographic mask used.
Fig.7. Evaluation of the alignment of the microﬂuidic channel with the underlying
substrate with etched alignment marks. Images are made up of ﬂuorescence
microscopy (inverted) and phase contrast images (10 magniﬁcation). Fluores-
cence images are inverted, and stamped FITC-labeled NeutrAvidin (squares) is in
black; these squares surround the cruciform alignment marks etched into the
substrate. Panel A shows two images showing the six alignment patterns and the
blunt end of the tapered pattern. Some of the alignment marks (the cruciform
etched motifs in the substrate) are outlined with dashed lines to aid with viewing.
All of the alignment patterns in panel A are labeled (i–vi), and these patterns are
magniﬁed and shown in panel B.
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fect that has previously been reported in the context of a different
application [38]. Although PDMS is permeable to gases and nonpo-
lar organic solvents, it is impermeable to aqueous solutions [41];
thus, we suggest that the reduction in the print motif size would
not be due to absorption of water into the PDMS. The alignment
of the PDMS stamp with the alignment patterns of the etched cru-
ciforms on the substrate is limited by the fact that the two compo-
nents are different in size by 1.4% (x axis) and 1.7% (y axis), which
for the six motifs here is on the order of approximately 8 lm (x
axis) and 4 lm (y axis). Fig. 7 shows the image of the aligned pat-
tern and the etched cruciform alignment marks for the six align-
ment patterns; this is a representative example, and reproducible
alignment of the same accuracy is obtained for other samples.
The rotational alignment was found to be very good, with a typical
rotation error of 0.23, but as a result of the difference in size of the
stamp and the alignment patterns, the mean displacement for the
six alignment marks was 3.4 lm (x axis) and 2.2 lm (y axis). The
etched cruciform alignment mark on the substrate is accurately
positioned in the middle of the printed protein patterns for the
lower alignment marks (Fig. 7A and B, image v), and the adjacent
marks (Fig. 7A and B, image vi) are each misaligned in the horizon-
tal plane; this is due to shrinkage of the PDMS stamp as compared
with the etched substrate patterns. The etched cruciform align-
ment mark on the substrate (Fig. 7A and B, image ii) is slightly mis-
aligned in the vertical plane, and the adjacent marks (Fig. 7A and B,
images i and iii) are each misaligned in the horizontal and vertical
planes. This is the ﬁrst study where the precision of biomolecule
patterns created using lCP methods has been thoroughly investi-
gated, and although there is a reduction in the dimension of the
PDMS stamp as compared with the lithographic mask used for
the fabrication by only approximately 2% (1.4% [x axis] and 1.7%
[y axis]), this limits the precision of the alignment of micron-sized
biomolecule motifs with the underlying structure. For the printed
taped biomolecule motif, as seen in Fig. 6, very good accuracy is
achieved.
Integration of printed motif with overlying PDMS microﬂuidic
structure
In exactly the same manner as the PDMS stamps were fabri-
cated, SU-8 masters (used to create PDMS microﬂuidic channels)were fabricated from the mask. The same alignment marks were
present in the SU-8 masters for the stamps as for the microﬂuidic
channels. PDMS is injection molded against the base relief master
(see Materials and Methods and supplementary material for fur-
ther details). This process results in PDMSmicroﬂuidic channels at-
tached to a microscope slide that can be mounted onto the
microcontact printer for alignment with the protein-patterned
substrate (Fig. 1F). The alignment marks (squares/rectangles) in
the PDMS microﬂuidic structure, used to align with the etched
cross motifs in the glass substrates, are cavities (rather than the
protruding squares/rectangles present for the lCP stamp). An im-
age of the aligned microﬂuidic channel with the underlying sub-
strate is shown in Fig. 8, where the tapered channel is ﬂanked by
the alignment marks. The PDMS microﬂuidic structure is 1.6% (x
axis) and 1.4% (y axis) smaller (due to shrinkage of the PDMS dur-
ing curing). As also seen for the lCP stamp (Fig. 7), this shrinkage
limits the precision of the alignment with the glass substrate with
the cruciform alignment marks. For the example shown in Fig. 8,
the alignment was optimized for the motifs on the lower right-
hand side. For this particular example, the rotation error is 0.45
and the mean displacement for the six square/rectangle alignment
marks is 6.7 lm (x axis) and 7.3 lm (y axis) as compared with the
alignment cruciform motifs. The difference in the mean displace-
ment seen for the microﬂuidic channel illustrated in Fig. 8 and that
seen for the lCP stamped patterns in Fig. 7 is due to the choice of
motifs used for alignment optimization (lower right-hand side on
the periphery of the marks for the microﬂuidic channel in Fig. 8
and the lower middle marks for the lCP stamp in Fig. 7); thus,
the accuracy of the alignment for both the lCP and microﬂuidic
Fig.8. Evaluation of the alignment of the lCP motifs with the underlying substrate
with etched alignment marks. The assembled microﬂuidic channel with BSA and
ﬂuorescein conjugate (0.15 lM, Invitrogen) dissolved in PBS solution (pH 7.2) has
been used to ﬁll the channel. Images are made up of ﬂuorescence microscopy and
phase contrast images (10magniﬁcation). The cruciform-shaped alignment marks
etched into the substrate are identiﬁed by white dashed lines to provide better
visibility. Surrounding the cruciform-shaped alignment marks are the square and
rectangular alignment marks that form cavities. (Light scatter provides the
apparent ‘‘whiteness’’ of the alignment marks apart from regions where the cavities
have droplets of water inside.)
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of the PDMS on curing.
Summary
A robust methodology has been described for alignment and
biomolecule patterning of sensors within a planar glass (or silicon
oxide) substrate where alignment marks remain from preprocess
steps. Such an approach could be applied for the functionalization
of other forms of sensor fabricated within other substrates, includ-
ing silicon where a thin silicon oxide layer is present over the sur-
face, or dextran conjugation chemistry could be adapted for other
surfaces. The accuracy for fabrication of patterns is within 2% of the
original mask size, with no evidence of distortion and with highly
uniform biomolecule coverage. These motifs were aligned to the
underlying substrate through alignment marks with a precision
that is limited only by minor shrinkage of the PDMS lCP stamps.
The subsequent alignment of PDMS microﬂuidic channels yields
precise alignment with the protein patterns. Our ongoing studies
include the creation of integrated sensor-microﬂuidic technology
suitable for the quantiﬁcation of cytokines from small volumes of
blood serum; the fabrication and methodology aspects reported
here provide the foundations for achieving these goals. The semi-
automated lCP approach will be relevant for patterning biomole-
cules in other microsystems and will facilitate future development
of other integrated biosensor or lab-on-a-chip devices. Such tech-
nologies are anticipated to become routine analytical tools for bio-
molecular detection and quantiﬁcation.
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